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Figure 14( b) . The absxisba.  scale should read- from -4O t o  28'. 

Figure 20. The symbol far X15° design speed V should be added to the key. 

Figure  20(b). The mea  radius and hub region labels should be transposed. 

Figure 27( a) "After guide vanes." "he fo l lowbg c W e  should be substituted 
for   the curve fo r  a peak eFficiency of 21.51: 

Isentropic eimpl l r led 
radial equlllbrlum 

Aonisentropia simplified 
radlal eaulllbrlum 

d 
.Q 

fi 

Radlus ra t io ,  rfFt 

Figure 27( d) "After rotor.  'I The following c u e  should 
the curve for a peak efficiency of 25.17: 

be substituted fo 
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NATIONAL ADVISCRY COMMITITEX FCR AEXOFLAITCICS 

SUBSONIC INLET-STAGE AXIAL-FLOW COMPFZSSmS 

By Robert 3. Jackson 

SUMMARY 

An investigation of four  axial-flaw  single-stage  coqressors having 
a h*-tip radius  ratio of 0.5 was made with the  following  objectives: 
(1) evaluation of the analytical conclusion that the most suitable  use 
for  the symnetrical-velocity-diagram design wlth constant  stagnation 
enthalpy is for high-specific-weight-flow  designs, (2) the comparison 
of blade-element turning  angle and loss data with corresponding  cascade 
h t a ,  and (3) checking the val idi ty  of the  simplified-radial-equilibrium 
equation. r;‘ 

3 For a given Mach nmiber limit, high pressure ratio  required a de- 

-4 sign assumption of low specific weight flow (low design axial-velocity 
ratio  (vz/ut)h).  Because of the action of radid equilibrium, this de- 
sign assumption resulted i n  high rotor-tip-region rates of diffusion 
(as measured by  the D factor)  with consequent high losses and law 
peak efficiencies.  Therefore  the most suitable use for the sy’~.metrical- 
velocity-diagram was f o r  lower-pressure-ratio and higher- q e c i f  ic-weigh% 

I 

flOW deSi@lS. 

For the  available  rotor blade-element data, a correlation f o r  a 
given so l id i ty  was obtained among coqressor and cascade-predicted  devi- 
ation  angles as functions of D factor. 

For the low-D-factor design  (design 4) f a i r l y  good correlation was 
obtained between cascade-predicted and ro tor  turning  angles as functions 
of angle of attack. 

A correlation of tip-region  rotor  relative-total-pressure losses 
for designs 1 and 4 as functions of D factor w&s obtained  for D 
factors exceeding  approximately 0.55. The cascade-predicted losses aid 
not correlate w i t h  tip-region  rotor  losses because the la t te r   a re   in -  
fluenced by other factors  in  addition  to  blade-suction-surface flow 
separation. 

The over-all  range of flaw coefficient  (or w e i g h t  flow) for the 
lowest-axial-velocity  design st a given value of efficiency a s  limited 
by the high tip-region  total-pressure  losses caused  by high D factors 
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and the high rate of change of.angle of attack with flaw coefficient 
imposed by high guide-vane turning. 

The available  stator data represented the lw-D-factor type of de- 
sign. The s ta tor  blade-element . m i n i m u m  losses  varied o n l y  slightly  with 
radius and between the two designs  for which data were available. 

The available a t a  indicated that the assumption oFx3implified 
radial equilibrium was  a valid one. For most of the  cases  investigated, 
the axial-velocity prof i l ea  obtaine-om the calculation  neglecting 
entropy  gradient agreed f a i r l y  well w i t h  the data a t  the rotor inleeand 
outlet .  I n  order t o  obtain good agreement between the  calculated  axial  
velocit ies and the data downstream of the s ta tors ,  it was necessary t o  
include  the effect of the entropy  gradient. A s m a l l  discrepancy remained 
between the predicted and measurea velocities  near the hub, which y a a  
probably  caused by the omission of the radial  acceleration terms from 
the radial-equilibrium  equation. 

Blade-element efficiency analysis has indicated that the optimum 
velocity diagram for  an axt.d-flar compressor stage is symmetrical (ref. 
I). This analysis was based on asswnptions of constant  axial  velocity 
and no radial flow. Consiaeration of the radial variation of velocit ies,  b. 
as prescribed by simplified radial equflibrium requirements,  indicated - 
that, fo r  given  limitatlons of a loading  parameter UCL and relat ive in- - 
l e t  Mach nuuiber, the average stage  pressure  ratio and specific w e i g h t  
flow would be higher fo r  the symmetrical velocity diegram than  for  the 
free-vortex design. " . . . .  " . _" 

The analysis of reference 1 also indicated a disadvantage of the 
symmetrical-velocity-diagram and constant-stagnation-enthalpy design, 
namely, that the axial velocity may become very low or  actua3ly  reverse 
near the t ip ,   especial ly  after the  rotor ,   for  low-weight-flow designs. 
This effect  could lead t o  a flaw separation along the outer wall. The 
analysis therefore indicated that the most suitable use fo r  the 
symmetrical velocity diagram w i t h  constant  stagnation  enthalpy is  for  
high-specific-weight-flow designs. 

An investigation of four qmmetrical-diegram-type axial-flaw com- 
pressor  stages has been made at the XACA Lewis laboratory  to  determine 
the effects  on efficiency as design weight flaw is increased in  order t o  
evaluate  experimentally the general  discussion of reference 1. Four 
axial-flaw subsonic single-stage compressors having a hub-tip  radius 
r a t i o  of 0.5 were designed, bu i l t ,  and investigated. The form of the 
design  equations made it convenient t o  use the   ra t io  of axial velocity 
at the hub t o  t i p  tipeed (Vz/Ut)h as the independent variable among the 
four designs;  the design values of (VZ/Ut)= for designs 1 through 4 

were, respectively, 0.6, 0.7, 0.8, and 0.9. For the given limits of 
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a QcL (0.77) and re la t ive   in le t  Mach  number (approximately 0.7), these 
increasing  values of design (V,/Ut)h resulted  in  successively  in- 
creasing  design weight flow and decreashg design pressure  ratio and t i p  
speed. 

A parallel  objective of the  investigation was the comparison of 
blade-element turning angle and loss data  with  corresponding  cascade 
data. Such comparisons would be  expected t o  indicate where cascade data 
satisfactorily  predict  compressor  performance and where other  design (D 

N 

02 
0 methods must be  used. 

Finally,  the  validity of the  simplified-radial-equilibrium  equation 
was fnvestigated. The analysis of tip-region  axial-velocity  characteris- 
t i c s  f o r  low-weight-flow designs  (ref. 1) was based on this equation; it 
was a l so  used in   t he  design of the compressors of the  present  investiga- 
tion. 

The four compressors were investigated, where possible,  over a range 

referred ta as  rotor  investigations); and guide vanes, rotor, and s ta tor  
referred  to  as  f 'ull-stage  investigations). 

of speeds and w e i g h t  flows i n  two configurations: guide vanes  and rotor 

t 
% 
cd Preliminary  results of the  investigations of designs 1 and 2 have 

7 
r P  been  presented in  references 2 and 3. 

Design calculations. - A t  the time the compressors were designed, 
the  best  available  information  indicated  that some constant  value of the 
parameter represented  the  loading limit f o r  a cascade of blades. 
For a symmetrical velocity diagram at a l l   r a d i i  and constant  enthalpy 
addi t ion,   th is   l imitat ion  in  UCL was reached a t   the   ro tor  hub where 
the  requtred  turning was greatest. For the  65-(12)lO a i r f o i l  section 
used  for  the compressor blading, the  limiting  value  assigned f o r  QcL 
was 0.77. 

For the symmetrical velocity diamaa, the change in  tangential  
velocity  across  the  rotor was computed as  follows: 

(This equation was derived  in  ref.  4 j  synibols are defined i n  appendix A. ) 
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The assigned  values of (Vz, I/Ut)h fo r  designs 1 t o  4, respec- 
tively, were 0.6, 0.7, 0.8, and.0.9. A radial vortex distribution of 
AV,/lJt, defined as follows, 

established the inlet   tangent ia l   re la t ive and absolute  velocity  ratios 
at a l l   r a d i i .  

The radial   d is t r ibut ion of inlet   axial-veloci ty   ra t io  V,/Ut w a s  
calculated from the simplified-radial-eqqLlibrium equation in   the  follow- 
ing  integrated form (ref. 5) :  

For the preliminary  calculations the flow passage w&s assum& t o  
be an  untapered  annulus and the axial..variation of axial velocity was 
assumed zero a t  any given radiw. From the re la t ive  inlet MacLnmiber 
limit (0.725 fo r  design 1; 0.7 for  the other designs) and the assumed 
adiabatic  efficiency (0.89), the w e i g h t  flow and the to ta l   dens i ty   ra t io  
across the  stage were calculated as follows: 

1 
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A trial-and-error  solution  for r3,& w a s  required so that the 
continuity  condition would be satisfied: 

This design  process was repeated for  a following stage; this re- 
sulted i n  three  points on the hub contour: r l ,h,  r3,hr and the hub 
radius  after  the second stage. A smooth cwve faired through the  three 
points established the hub shape. (Only the Inlet-stage designs were 
actual ly   bui l t  and investigated.) A t  the time  these  stages were de- 
signed,  very f e w  cascade data were available. Theref ore, the blade 
angles were calculated by means of the  Kantrowitz and W equation 
(ref. 6):  

where K (assumedto be 0.9) was a function of solidity and re la t ive  
inlet air angle, and the angle of a t tack  for  an a i r f o i l  at zero l i f t  
equaled -8.28O fo r   t he  65-(12)lO blade  profile. For 65-series  airfoils, 

the  theoretical  angle of attack a t  zero lift is = - - 57*3 CL (ref. 71, 
where CL is the lift coefficient of an i so la ted   a i r fo i l  at zero  angle 
of attack.  Experimental data indicated that the theoretical  value of 
CL should  be multipued by a factor 0.8 and tha t  the  slope of t he  lift 
curve for  a cascade of a i r fo i l s  was 0.116. On this  basis, f o r  the  
65-( 1 2 ) l O  a i r f o i l  equaled -8.28O. The extent t o  w h i c h  K decreased f o r  . 
the low solidLties and high inlet  angles  near t he  t i p  w a s  not known; an 

2Yc 
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approximate correction  for this reduced X w a s  made by reducing  the 
calculated blade angles near t h e   t i p  by small amounts. The magnitude of 
t h i s  modification at t h e   t i p  was greatest f o r  design 1, which had the 
highest   relative  inlet  angle. . 

Compressor configurations, - The flow  angles  required a t  the  rotor  
inlet were provided-by 40 sheet  metal guide vases 1/16 inch t u c k .  These 
vanes had a constant-radius-of-curvature  circul&"arc camber m e .  The 
required turning w&8 obtained  by  appropriate  adjustment of the chord 
length. 

In  figure 1 sse  presented  the  details of the  rotor-and-stator-blade 
configurations  for  the four designs : blade-angle  setting E, so l id i ty  
u, and radius r a t io  r/rt are  .tabulated. Also presented are the design 
distributions of absolute  inlet air angle (guide-vane turning) l3, guide- 
vane  camber. Cp, re la t ive   in le t  air  angle f3 *, and rotor-inlet   axial-  
velocity  ratio Vz/Ut. The NACA 65-( 12)lO blade  section  with a constant 
chord of 1.31 inches was used for  all rotor and s ta tor  blades. The hub- 
t i p   r ad ius   r a t io  at the rator inlet was 0.5 and the rotor-t ip diameter 
was 14 inches fo r  all designs. 

It w i l l  be noted tha t   the : ro tor  and stator blade angles fo r  design 1 
differed more.than did the  corresponding  angles f o r  t h e  other  designs- 
(fig.  1). This w a s  a conse.quence of an error i n  blade angle made during 
fabrication of t he  rotor blades. The error  was disdovered  subsequent to 
the publication of reference.2 and amounted t o  a discrepancy o F a s  much 
as 7O between the  design  rotor-blade-angle  settings and the  actual  rotor- 
blade  angles. The stator-blade  angles  were-correct. A t  the time refer- 
ence 2 was written, no inlet   stage  data were available  for compaiison,: 
Later, when such .data became available, it was found that the energy 
addition and turning-angle characterist ics did not correlate with the 
new data. The blade angles of-all the  blade rows concerned were checked 
and the  error for the ' rotor  of design Lwas  discovered. A l l  other  blade 
angles were correct. 

Experimental  setup. - A schema-t;ic diagram of the exgerimental  setup 
is  shown in   f igure  2. The canpressor was driven  by a 1500-horsepower 
dynamometer. Room a i r  was drawn through a f la t -plate   or i f ice   into a 
large  depression  tank. From the  depression-tank  the air passed  through 
a bellmcmkLlnlet into the compressor, then  through a large col lec tor   to  
the  laboratory altitude exhaust system. The desired inlet   pressure and 
weight flow w e r e  set by means of valves  located between the  or i f ice   tank 
and the  depression  tank, and between the  collector and the  exhaust 
system. 

" I. 

8 m 
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Instrumentation. - The location of the measuring stations i s  indi- 
cated  in   f igure 3. For the r o t o r  investigations, flow measurements were 
taken  approximately 0.2 chord  length.  upstream of t he  rotor blades and 
0.6 chord length downstream of the r o t o r  blades. For the  f'ull-stage 
investigations, measurements  were taken 0.2 chord length  upstream of the 
ro tor  blades, 0.55 chord  length dounstream of the  rotor  blades, and 0.6 
chord length downstream of the  stator  blades.  Data were taken a t  f i v e  
radial   stations a, b, c, d, and e, which were located nominally at the 
centers of f i v e  equal rad ia l  increments across the annular  passage a t  
the  various axial stations.  (This method of locating the radial stations 
was not held exactly  for a l l  fnvesti@tiomj  otherwise, a new set of 
stagnation-temperature  probes would have been required for each design 
i n  order t o  f Z t  the  different  passage  depths  darnstream of the  stage.) 

The instrumentation  used f o r  the ro to r  investigations was described 
in   de ta i l   in   re fe rence  8. For the  full-stage  investigation, a summary of 
the number of probes and type of instrumentation  used is presented i n  t h e  
following table. It should be noted that, because of the negligible 
velocities  in  the  depression tank, the depression-tank s ta t ic   pressure 
po as measured by wall taps was assumed t o  equal the depreseion-tank 
stagnation  pressure Po- 

Axial stetion 

Inlet  orifice 

Depression 
tank, 0 

Downstream of 
rotor, 2 

Damstream af 
stator, 3 

Temperature Stagnation  pressure  Static pressure Angle 

Four iron- Barameter reading Two w a l l  static- 
constantan  pressure taps 

couples 
th-O - 

One  wedge-type 
static-pressure 
probe 

one claw 
total-head- 

total-head- 

measuring 
probe 

~ 

Four 5-tig 
double- - 
stagnation- 
type 
stagnation- 
temperature 
rakes 
(fig. 4 (e) 1 

FLve  19-tube 
stagnation- 
presswe rakes 
(fig. 4 ( d ) )  

~~~ ~~ ~ 

measuring 

aMaximum pressure  indicated by =-tube  stagnation-pressure  rake was taken 
to be P2; arithmetical average of 19 readings w a s  taken to be a. - 
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Radial  surveys were made with the static-pressure and yaw-measuring - 
probes (figs.  4(a) and (b)) . There were some exceptions t o  this scheme 
of full-stage  instrumentation; i n  particular, no measurements a t  axial  
station 2 were made for  the investigations of designs 1 and 2. . .  

Experimental  procedure. - The following  table summarizes the speeds 
investigated  (in terms of-percent  design  speed) f o r  the  rotor and the 
full-stage  configurations. .. . 

Design 
speed, nuniber 
Design tip 

ft /sec 

1 

9 38 2 

1104 

4 743 

I Percent dt 
Rotor 
investigations 

100, -fro-- 
100 

50, 75, 100 

;ign speed 
Full-stage 

50, 100, U O  

50, 75, 100 
120, 130 

30, 50, 75 
Loo, 120, 135 

50, 75, 110, 115 

I 

Certain of the data proved.to  be  Invalid. It is  belleved  that the 
guide-vane losses f o r  design 4 were not sufficiently accurate  for  the 
isolation of the rotor blade-element re la t ive  total-pressure  losses at 
50 percent  design speed. A t  the low power input f o r  this speed, the 
relative  total-pressure  ratio ( ~ 2 / ~ 1 )  1 is  very sens i t ive   to  s1igh-t- 
errors  in  stagnation  pressure.  Calculations, based on .typical  values of 
pressure,  temperature, and relat ive Mach  number encountered at 50 per- 
cent speed, indicate  that  an  error  in 9 of 0.04 inch of mercury  would 
cause  an error of approximately 50 percent i n  the calculated  value of 
the  total-pressure-lose parameter iE. In contrast, the eame percentage 
e r ro r   i n  G at  design speed would require an error of 0.2 inch of 
mercury i n  P1. 

For the  design 2 full-stage investigations at 50 and 75 percent 
design speed, the data w e r e  measured with a a f f e r e n t  scheme of instru- 
mentation from that described in the  section  Instrumentation and u t i l i zed  
f o r  a l l  the  other €"-stage investigations  presented  herein. I n  par- 
ticular, the  stagnation-tentperatwe  probes were of a design w h i c h  proved 
t o  be very sensit ive  in  calibration t o  the  total-pressure  level. It is 
believed that the design-speed data for  design 2 provide a more rellable 

8 
8 

"" 
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i indication of the peak efficiency  than do the low-speed data. The 
design 2 rotor  investigation also u t iuzed  the stagnation-tenrperature 
probes which varied i n  calibration with the t o t a l  pressure;  there- 
fore,  the data are inadequate for & satisfactory  rating of the  rotor 
efficiency. These data are probaly  accurate enough f o r  the  calcu- 
la t ion of velocity diagrams and are used only f o r   t h i s  purpose. 

The flow angles  after  stators  for  the design 3 full-stage inves t i -  
gations a t  120 and 135 percent  design  speed and the  temperature-rise data 
for  several high-flow points f o r  the design 4 full-stage  investigation 
a t  50 percent  speed were apparently i n n l i d  because of troubles en- 
couatered in   the   t es t ing  procedure. 

Data from rotor  investigations w e r e  relatively meager because of 
several bade  failures.  These are tabulated a6 follows: 

3esign 
xuuber 

Configuration 
investigated 

Rotor 

F u l l  stage 

Full stage 

’ ~ull stage 

Percent  design  speed 

U O  

130 

about 75 
(Failure  occurred  while 
shutting down from 135 
percent  speed) 

Very l o w  flows at about 
50 percent  speed 

me of fa i lure  
and damage 

Rig fa i lure j   a l l   b lades  
wiped out. 

Stator  blade broke o f f  
and damaged rotor bladc 
trail ing edges. Sev- 
e r a l  ro tor  blades 
cr-acked. 

All blades wiped out. 
Suspected  cause, 
fatigue failure. 

One stator  blade broke 
of f .  All blades 
cracked.  Probable 
cause, vibratory  stress 
excited by rotating 
stan (ref. 9). 

Although the blade failures  experienced with designs 2 and 3 
occurred a t  high speed, it is suspected that the i r  primary cause was the 
same a6 f o r  design 4. Designs 2 and 3 were both  investigated under s t a l l  
conditions pr ior  t o  the high-speed tests. 
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The investigatbn  reported  in  reference 9 was conducted on design 4 - 
subsequent t o  the accumulation of the  data  reported  herein. 

" 

RESULTS AND DISCUSSI(M 

Over-All Performance 

Pressure  ratio  and  efficiency. - The over-all performance of  each 
. " design, for  the  full-stage  investigations  tabulated i n  the section 

Experimental  Procedure, is pres-ented in . . . f iwe-  5 -  -8.8 plots of average 
total-pressure ratio PdPo and average adiabatic' tempe*ratke-rise 
efficiency q against  -corrected weight flow W G / S .  The calculation 
of these  rating pm.aget.ers is outlined i n  appendix B. The following !3 
table summarizes  me of the main features 'of  this performance f o r  the 
f"l-stage  configurations at their respect.ive  design speeds: . -  

" .. " 

- 

8 

. ." 

Design 
number 

Design 

speed, 
ft/sec 

9 38 .7 

823 .8 

743 1 .9 

I 

1.250  0.86 21.2 1.235  0.86  22.2 

1.220 .87 24.0 1.215 .87 24.5 

1.195 .89 24.5 1.190 .89 25.5 

1.155 .87 24.5 1.150 .89 26.5 

The trends of decreasing  pressure ratio and increasing w e i g h t  flow 
a t   t h e  peak efficiency  point far the  successive d@.gns  were expected 
from the  design  calculations; however, the corresponding  decrease i n  
peak pressure.  ratio,  although  not unexpected,  could not be predicted  with 
cer ta inty  in   the absence of off-design-point  calculations. 'An appreci- 
able  increase in peak efficiency is indicated  for  the  high-axial-velocity 
designs  (designs 3 and 4) .  T h i s  efficiency  trend  experimentally  verifies 
the  result af the..analysis of reference 1 that the syrumetrical velocity 
diagram is more suitable for  high-specific-weight-flm designs  than for  
designs of the low-specific-weight-flow and high-pressure-ratio  type. 
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I Dimensionless over-aJl performance. - It would be of interest  t o  
study  the performance of the four compressors i n  a dimensionless form so 
 that^ the  potentiali t ies of tLe velocity &Lagrams may be evaluated w i t h -  
out  regazd fo r  limitations on the performance of these  particulax com- 
pressors that may be imposed by the  actual blading that is used (Mach 
nurtiber effects,  f o r  instance). The over-all performance of the  four 
compressors i s  presented in figure 6 as plots of average idea l  dimen- 
sionless  enthalpy  adfition D i d / U t 2  and average adiabatic  temperature- 
rise efficiency q against  the flow coefficient (Vz/Ut)av. (The cal- 

cussions and comparisons tha t  follow refer  mainly t o  the  correlated 
curves for the  data which f a l l  approximately  -thin  design Mach  number 
limits (50 t o  115 percent  design speed). 

n, to 
a, 
0 culation of these  rating parameters is given i n  appendix B.) The dis -  

The curve6 reveal  that the peak dimensionless  ideal  enthalpy addf- 
t i o n  &,,&J~2 increases as design  axial-velocity ratio (V&Jt)h  in- 
Creases. The v a l u e s  for  designs 1 t o  4 are about 0.17, 0.20, 0.24, and 
0.23, respectively;  apparently, the peak value of rnia/U,2 would occur 
f o r  (V,,h/Ut )aes between 0.8 and 0.9. The reason for increasing design 
values of bEia/Ut2 can be seen from a slight manipulation of eqya- 
t ion  (1) 

N 
I 

PI Y 

The only  variable  in th i s  equation  for the dffferent  designs is the 
axid-velocity  ratio  (vz/ut)h'  mviously, ( ~ i J ~ t z ) ~ B  increases as 
(V,,dUt)h  increases and it i s  reasonable t o  e q e c t   t h e  peak values of 
mid/ut2 t o   f o n m  the same trend. 

The decreasing peak pressure  ratio at a given  percent of design 
speed f o r  the  high-axial-velocity  designs  (fig. 5) is caused by the low- 
e r  design speed assigned t o  these designs. The f ac t  that for  a given 
relative Mach nmiber l imi t  the design speed must decrease as axial veloc- 
i t y  increases i s  easy  to  visualize: an increase in axia l   mch number 
must be  balanced  by a decrease in the  relative  tangential  Mach nmiber, 
which requires a decrease i n  conpressor Mach rider ( ra t io  of wheel speed 
to velocity of sound). 
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The efficiency  curves of figure 6 indicate an increasing range of - 
flow coefficient as design  axial-velocity  ratio (Vz,l/Ut)h is in- 
creased. The fo l laz ing  table summarizes the  characteristics of the 
flow-coefficient range a t   the  subcritical Mach n&er  speeds for an 
efficiency of at leas t  0.80. 

Design 
m b e r  

4- 

For subsonic Mach nmibers, 

0.6 4 

.? 

O.ll7 

.330 .9 

.275 .a 

.m5 

weighe flow increases  as  axial  velocity i n -  

0 
a3 a 
N 

creases;  therefore, increased range of f l& coef'ficient corresponds, f'or 
a given t i p  speed, t o  increased  range of weight flow. 

The study of the  over-all performance in dimensionless form has in- 
dicated sume potentiali t ies of the  high-axial-velocity  type of velocity 1 
diagram. For such  a diagram, high pressure  ratio can be conibined wl th  
high w e i g h t  flow and with a wide efficient range of weight  flow, pro- - 
viding the blading is  tolerant of the consequent high relative Mach mm- 
bers. The investigations of reference 10 indicate  that such blade  sec- 
tions  are  available. 

Velocity diagrams. - The consequences of the  design assumptions of 
the  axial-velocity  ratio  (vZ,L/ut)h  for  the four designs i n  terms of 
the  velocity diagram geometry may be Seen in   f igure 7 wherein are  
shown velocity diagrsms from the  data of the peak efficiency  points  at 
design speed. Numerical values of velocities and flow angles are  tabu- 
lated in figure  7(e). 

On the  basis of two-dimensional  cascade data,  the  relative  inlet 
angle i s  the  only  variable among the fm designs that would affect  the 
performance of a given blade element. (At a given  radius,  solidlty an& 
camber are the  same f o r  all designs.) The diagrams show the  decrease in 
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inlet  angles  (both  relative and absolute)  for  the  successive  designs, 
and also show that t h i s  decrease is 'greatest f o r  design 2. The magnitude 
of t h i s  decrease is more clearly shown in  f igure 8, where re la t ive   in le t  
air angle j3-i i s  plotted  against r o t o r  angle of attack 9 for   s ta -  
tions a, c, and e. (Fig. 8 is  not a plot of data; t he  re la t ion between 
Si and 9 i s  simply Si = 9 + El, where is the ro to r  blade 
angle.) The figure shows tha t  f o r  a given  angle of attack,  the  relative 
inlet  angle  for'design 1 is much higher  than  the r e l a t i v e  inlet angles 

% for  t he  other designs. Another imgortant  feature of the flow is the 
8 axial-velocity  ratio V,,2/V,,1. For  design 1, figure  7(a) shaws a large 

decrease in   axial   veloci ty   for   s ta t ion a; fo r  design 4 ( f ig .  7(d)) there 
i s  very l i t t l e  reduction  in axial velocfty a t  the tip-region measuring 
station. For a quantitative comparison, the values of axial-velocity 
r a t io  V,,Z/V, , are  plotted against corrected w e i g h t  flow W @/E i n  
figure 9 for  designs 1 and 4 at design speed. For design 1, a consider- 
able shift in flow t m d s  the htib is indicated  by the large  decrease  in 
axial   velocity near t h e   t i p  and increase  near the hub. The possible 
consequences of such a radial sh i f t  i n  flow w e r e  discussed m reference 
8. Briefly,  the  indication is that the blade  surface  local pressure 
gradients may become excessive and lead t o  premature flow separation 
with result ing high losses.  For design 4, the axial-velocity  ratios a t  
the  three radial s t a t i o n s  are wlthin  the  range from 0.96 t o  1.08 except 
at flows i n  the t ip-stall   region, which indicates  that  only a slight 
radial sh i f t  i n  flows exis ts  at unstalled  conditions. 

Blade-Element Performance 

A study of the blade-element  performance i s  required f o r  analysis 
of the  following  trends: (1) increasing peak efficiency as design axial- 
velocity  ratio  (Vz,I/Ut)h i s  increased, and (2) increasing  efficient 
weight-flow (or flaw-coefficient)  range. 

The r o t o r  investigations of designs 1 and 4 supplied  the  available 
rotor blade-element  performance; the  s ta tor  blade-element  performance 
w a s  obtained from the  full-stage  investigations of designs 3 and 4 .  In 
order t o  isolate   the rotor-blade-row performance, inlet guide-vane losses 
were measured. 

In le t  guide-vane loss. - The guide vanes were s e t  at zero  incidence 
for all investigations;  therefore, a t  a given radius, the dimensionless 
total-pressure loss w (ref.  ll) did not vary significantly w i t h  speed or 
weight flow. The total-pressutre loss fo r  designs 1 and 4 i s  pre- 
sented  in figure 10 as a function of radius  ratio r/rt. 

- 



The dhensionless  total-pressure loss for  designs 1 and 4 is * 

pract ical ly  the same-for .each design  (approximately 0.060) except  near 
the   t ip .  A t  the  t i p  measuring s t a t i o n , - t h e " ~ - ~ e r - t ~ g  guide vane 
has the  bighe~loss, the respective  values  being 0.17 &nd 0.13. The 
performance calculations showed tha t  consideration of these guide-vane 
losses  affected  calculated rotor angles of attack by 0.5' t o  1.5' 
and peak element efficiencies by as much as 5 percentage  points,  thus 
emphasizing the necessity of isolating the performance of each blade row. 

. - -" . . 

Rotor  blade-element  performance. - The blade-element data are  pre- 8 
sented  for the ro to r s   i n  terms of turning angles and losses  against angle 0) cu 
of attack. These data are then  correlated among themselves and with cas- 
cade . d a t a  by  application of a blade-loading  parameter. 

The available  rotor blade-element  turning-angle  and loss character- 
istics measured at radlal stations a, c, and e are  presented  for  designs 
1 and 4. A s  discussed i n  the section Experimental  procedure, blade 
failures  prevented the rotor  investigation of designs 2 and 3. 

Relative  inlet  Mach  number i s  plotted against rotor  angle of attack 
i n  figure U. s o  that  the  possibil i ty of Mach number effects  on losses 
and turning  angle can be analyzed.  Figure 11 shows that  the  highest 
value of re la t ive  inlet Mach number f o r  the investigation of design 1 
was 0.79 (110 percent  design speed, s ta t ion  a)  and f o r  deeign 4 w a s  0.71 
(100 percent design speed, s ta t ion e). \ 

Turning angles: Turning angles €1 for   the  speeds investigated are L 

plotted  against angle of attack a1 i n  figure 12 fo r  designs 1 and 4. 

For design 1 at the tip-region measuring station,  turning angle 
decreases as angle of attack  increases above a, value of approximately 
2O. For the other measuring stations,  turning  angle  increases with 
angle of attack  for  the  angle-of-attack range investigated, and no 
break-off is noted for either of the two curves. 

For design 4, the tip-region turnLng-angle  curve differs markedly 
f'rom the curve f o r  design 1. Turning angle  increases  almost linearly 
up t o  an angle of attack of about 8 O .  No complete break-off (where the 
slope becomes negative) is noted for the range of angle of attack 
investigated. 

The highest re la t ive Mach n d e r  obtained f o r  the rotor  investi- 
gation of design 4 w a s  about 0.70 (f ig .  11) ; t h i s  leve l  of Mach nufriber 
has no apparent  effect on turning angle. 
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Comparisons of rotor t u r n i n g  angles  with cascade data: A compari- 
son of the  rotor  turning  angle  data f o r  designs 1 and 4 i s  presented  in 
figure 13. The curves dram through the data points of figure 1 2  are 
reproduced in   f igure 13. Also presented  are cascade predictions of the 
turning  angles  as  interpolated from the  data of reference 12. 

Figure 13 brings  out  clearly  the  dissimilarities between the  turning 
angle characteristics of designs 1 and 4 f o r  the  tip-region measuring 
s ta t ion  (s ta t ion a).  A comparison w i t h  cascade data i s  indicated i n  
order t o  determine  whether this dffference  in  turning-angle  chmacteris- 
t i c s  can be accounted for by cascade predictions. 

The cascade-predicted  turning  angles  for designs 1 and 4 that are 
plotted i n  figure 13 differ appreci&ly  at  station  a. T h i s  difference 
is a consequence of the f ac t  that at a given angle of attack, the rela- 
t i v e  in l e t  angle for design I is 28.20 higher than  for  design 4 (fig.  8). 
Emever, the  predicted  reduction In turning  angle for des- 1 compared 
t o  design 4 does not approach the magnitude of the  actual  decrease. Also, 
the cascade results  indicate a peak in  the  turning-angle curve a t  an 
angle of attack of about 12' t o  14O, whereas the compressor data indi- 
cated a break-off  point a t  a 2O angle of attack. 

For design 4, the  cascade data predict very w e l l  the slope of the 
curve at s ta t ion a, although  there is an indicated  discrepancy of 2 O  t o  
30 between the compressor data and the cascade data. For the two designs 
a t  stations c and e, the cascade data indicate  progressively less differ-  
ence i n  predicted  turning  angle, and the compressor turning-angle m v e s  
check the cascade data falrly well i n  slope a d  ordinates (within 9, 
except for design 1, stat ion e a t  law angles of attack).  

Total-pressure  losses: The relative  total-pressure-loss  parameter 
~5 for designs 1 and 4 is plotted  against  angle of attack a1 i n  f ig -  
ure 14. The 50-percent-design-speed  total-pressure-loss  parameters  for 
design 4 are  not  presented. here for reasom  discussed  in  the  section 
Experimental  procedure. 

- " 

For design 1 the minimum total-pressure loss a decreases from 
about 0.150 near  the t i p   t o  about 0.015 near the hub. Partly because of 
this decrease in mfnimum loss, and part ly  because the curves are  flatter 
near the hub, the range of angle of a t tack  for  a given loss increases 
from t h e   t i p   t o   t h e  hub. 

- 

For design 4, the minimum total-pressure loss 0 decreases from 
about 0.060 near  the t i p  t o  about 0.010 near the h d .  A t  each  measuring 
station the minimum loss is appreciably lower than  the  corresponding loss 
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fo r  design 1. Also, at each statlon;  the  angle-of-attack  range for a - 
given 1086 exceeds the corresponding  range for design 1; in fac t ,  it is  
apparent that the complete  range of angle of attack w a s  not  invegtigated 
a t   s ta t ion   e .  ". 

Comparison of rotor bss  wzth cascade-predicted bss:  A comparison 
of rotor  relative-total-pressure losses for  designs 1 and 4 i s  presented 
i n  figure 15. The curves drawn through the  data  points of figure 14 are 
reproduced i n  figure 15 along w i t h  the  cascade-predicted  values of w 
computed f r o m  the  data of reference 12. 

The curves of figure 15 clearly  reveal  the  differences between the 
two designs i n  minimum loss and i n  angle-&-attack  range for a given 
loss. 

An approximate agreement between the  rotor  losses and the cascade- 
predicted  losses is  obtained only a t   s ta t ion  e. A t  s tation a, the mini- 
mum meamqed rotor  losses f o r  designs 1 and 4 are approximately 10 times 
the corresponding  cascade  values. 

The reasons f o r  the Jack of correlation between the compressor and 
cascade  turning-angle and loss curves fo r  design 1 must be  involved with 
the markedly three-dimensional  nature of the flow at- the t i p  region  for 
design 1. 

\ 

Diffusion  factor: A possible approach to   the  s t u d y  of compressor 
blade-row performance w o u l d  be to   t reat   the   axial-veloci ty   ra t io  
V,, as a blade loa- p&amet-=r peculiar t o  the  three-dimensional 
flow problem and attempt to correlate i t s  effects  with  thoee of parameter6 
common t o  three-dimensional  and'two-dimensional flow: solidity,  relative 
in l e t  flow angle, and turning angle. A dif'fusion factor D has been 
developed which i s  a function of the foregofng  variables and  which was 
derived t o  give an h i i c a t i o n  OP the   local  blade suction-surface  pressure 
gradient. This parameter has served t o  correlate loss data foraevera l  
cases of both two-dimensional and three-dimensional flow (ref. 11). 

- 

The diffusion factor D is calculated a6 follows: 
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Values of rotor D factor  for deeigns 1 and 4 are  plotted  against 
angle of a t tack   in  figure 16. 

For each design a t  a given  radius,  the D factors   calmlated  for  
the  various  speeds, f o r  which the data are  available,  correlate  into 
essentially a single curve. It would be  reasonable t o  expect an in-  
crease  in D factor with Mach  number because of  the  compressibility 
effect  on the  axial-velocity  ratio. A slight  trend of this s o r t  i s  
indicated,  but  the magnitude of the  effect  does not  appear t o  be 
significant. 

Discussion of rotor D factors: A comparison of ro tor  D factors 
for  designs 1 and 4 i s  presented in   f igure 17. The curves as drawn 
through the  data points  in  figure 16 are reproduced in   f igure 17 along 
with D factors  calculated from the  cascade-predicted  turning  angles. 
Three trends  are  revealed  in  figure 17 at a given  angle of attack: (1) 
D factor is  generally  hfgher  near  the tip  than  near  the hub f o r  both 

design designsj 4 t except  near  the hub where there is l i t t l e   d i f f e rence  between 
the two designs); and (3) near  the t i p ,  D factor  for  design 1 is 
appreciably  larger  than  cascade-predicted D, whereas, for  design 4, the 
coznpressor and cascade-predicted D agree quite w e l l  a t  all radii. 

2) D factor i s  appreciably  higher  for  design 1 than f o r  

The values of D factor  calculated from compressor performance  can 
differ  from cascade-predicted D factor  (for a given relative-inlet-  
flow angle)  only i f  the  congressor  turning  angles differ from cascade- 
predicted  turning  angles, o r  if the  axial-velocity  ratio V,,dV,,l is 
different from unity. In the  case of design 1, the compressor turning 
angles  near  the t i p  are less  than  the  cascade-predicted values (fig. 13). 
I n  i t se l f ,   th i s   t rend  would operate t o  lower the rate of diffusion. 
(From formula (8), increased f o r  a given f3 - i  would decrease  the 
value of D factor. ) Harever, the  axial-velocity r a t i o  V,, .$I,, 
near t h e   t i p  i s  considerably less than  unity  (fig. 9 ) ,  and the tendency 
of low axial-velocity  ratio  to  increase  the  diffusion  rate has the 
decisive  effect on the   f ina l  value of D factor.  In  the  case of design 
4, turning  angles and axial-velocity ratios both  agree fairly  well  with 
the  cascade-predicted  valuesj  therefore,  the D factors  naturally  agree. 

Comparison of rotor  turning  angles  with D factor: A comparison 
of the  design 1 tip-region  turning  angle and D factor  characteristics 
(figs. 13 and 17) reveals  that  at station a where the  turning-angle 
cmves f o r  design 1 peak at   re la t ively low angles of attack,  the D 
factors are considerably  higher  than  those  predicted by cascade data. 
A tentative  interpretation can be drawn from this comparison that  the 
blade  loading is high enough even a t   re la t ive ly  low angles of attack f o r  
flow separation t o  OCCUT with a  consequent decrease in  the  turning  angle. 
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The preceding  discuss3on supplies a qualitative  explanation  for the 
tip-region  turning-angle  characteristics of design 1. A quantitative 
correlation of turning w i t h  D factar is  obviously desirable, but turn- 
ing  angle i s  not a convenient  parameter  with which t o  attempt  such a 
correlation. Comparisons are therefore made between D factor and tkre 
deviation  angle. The fac t  that deviation  angle  varies only slightly 
with  angle of attack  ( in.the good flow  range)  should f ac i l i t a t e  a guan- 
t i tat ive  correlation. I n  order to employ &viation-angles, the camber 
angle of a circular-a;rc blade segtion equivalent t o  the 65-(12)lO blade 
section must flrst be computed. It is  as-ec, . fo r  t h i s  purpose, that 
if the circular-arc and  65-series caniber lines have the  same maxim 
height a8 a percentage of chord length, the two blade sections we 
equivalent. On this basis, the circular-arc  blade  section  equivalent 
t o  .a 65-(12)lO blaae section has a camber Bngle Cp of %.lo. 

Comparison  of rotor  deviation  angles with D factor: A comparison 
of the rotor  deviation angles A and the cascade-predicted  deviation 
angles for  designs 1 and 4 is  presented i n  figure 18 plotted  against I3 
factor. A t  each radial station, the cascade -data fo r  designs 1 and 4 
can be representedhy a single curve with a maxLmum discrepancy of &lo. 
As D factor  exceeds  about 0.5,-the  cascade-predicted  deviation angles 
increase  rapidly. 

8 
OI 
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The compressor data ex%end appreciably  into the high-D-factor 
range (D > 0.5) only a t  station .a. The correlation of the rotor  devia- 
tion  angles  with  the  cascade-predicted  deviation  angles  actually  appears 
t o  be best within this high-D-factor  range except f o r  very high D 
factors (D > 1). In  the  range of D factor up-to.-0.5,. the  rotor &via- 
t ion angles for design 4 are lower than the cascade-predicted  values a t  - 

stations a and c,  whereas f o r  design 1 the rotor  deviation  angles are 
higher than  the  cascade-predicted  values at s ta t ion e. These dis- 
crepancies i n  the low-D-factor range  cannot be  entirely accounted for)  
they are probably due t o  a corribi&tion  Of-ex-g-rTmerittal error  and three- 
dimensional  flow effects which cannot be evaluated from the data. 

.. - .. 

It i s  suggested that   the  main value of the deviation angle - D 
factor  correlation lies i n  its possible use i n  a cascade-data  correction 
met-hod for   the high-D-factor  range. 

Comparison of rotor loss with D factor: A comparison of the  rotor 
losses (fig.  15)  with the r o t o r .  D factors <fig. 17) shows tha t  high 
diffusion rates (indicated by h i g h .  D factors) are accomganied by high 
losses. A t  the t i p  region, the D factors  for  design 1 are not only 
much larger than Bor design 4; they  are  also much larger than  the cascade- 
predicted  values f o r  design 1. In  contrast ,   the measured and cascade- 
predicted D factors - fo r  design 4 .  agree ve-ry w e l l .  It should  not be 

- -  .. .. . " 
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expected from this comparison that the measured r o t o r  losses and cascade- 
predicted  losses for design 4 should  agree a t   t h i s   t i p  region. The 
cascade-predicted loss is essentially a profileAoss, whereas the meas- 
ured ro to r  loss also  includes  other increments of loss peculiar t o  
three-dimensional flow. These include  losses caused by secondary flaws 
associated with the  casing boundary layer and t i p  clearance. Also, i n  
the  case of a ro to r ,  it is  possible  to measure a t  the t i p  region some 
of the  losses  incurred at blade  elements near the hub. The investiga- 
tions of reference 13 indlcated  that some of the low-energy air at  the 
blade-surface boundary layer would travel  radially when it reached  the 
blade wake. I n  the case of a rotor, this radial  motion would be towards 
the  t i p .  For these  reasons  the minimum possible  tip-regien Losses  prob- 
ably exceed  appreciably  the  corresponding  cascade-predicted  losses. 

A quantitative comparison of rotor losses and Uffusion  characteris- 
t i c s  i s  presented in figure 19, where the m e a s u r e d  rotor  losses a, f o r  
designs 1 and 4 are plotted against rotor D factor for the three radial 
stations. Also plotted  are  the  corresponding  cascade-predicted loss 
parameters. The feature of primary in t e re s t   i n  figure 19 is the f a c t  
t ha t  a limited  region of correlation between designs 1 and 4 of lass 
against D factor (shown by the dashed l ine)  is indicated by the  avail- 

t i p  region  increase rapidly, and the data f o r  both designs plot  approxi- 
mately on the same curve. In  contrast,  the data at low D factors d i f -  
fer   meat ly   in   the  values  of loss for the t w o  designs, which indicates 
that, a t  angles of attack less than  the  angle of attack  for minimum loss, 

plained as follows: A s  discussed  in  reference 11, the D factor was &- 
r ived  in  order t o  provide  an  indication of the blade  suction-surface  pres- 
sure gradient f o r  operation  in the law-loss region. The assumptions on 
which the derivation of the D f ac to r  was based are not f m i l l e d  by  the 
flow conditions a t  angles of attack  other  than the angle of a t tack  for  
minaum loss. As angle of  attack  decreases from the minirmun-loss value, 
the  calculated D factors  decrease,  but  losses  increase. A t  high  angles 
of attack,  hmever,  the D factors and lbsses  are both high, and an 
approximate correlation is obtained f o r  tip-region  rotor losses. 

- 

a able  data at station  a. As D factor exceeds 0.55, the  losses at this 
B 
‘7 
& 

d the D factor cannot be used t o  estimate  losses. This trend can be ex- 

The mini~~um-losa t i p r e g i o n  values of U, and D factor for design 
1 were approximately 0.150 and 0.60, respectively; and for design 4, the 
corresponding  values were 0.065 and 0.40. These results  correlate w e l l  
w i t h  the  data  presented in   f igure  8 of reference ll and i l lus t ra te   the  
importance of  d e s i m n g   f o r  low D factor a t  the t i p  region i n  order t o  
minimize losses. A t  s tations c and e, the data did not  extend into  the 
range of Ugh D factors. 

I 

Stator blade-element  performance. - The available  stator  blade- 
element  performance data were obtained from the  full-stage  investigations - of designs 3 and 4. A s  discussed in the  section  Instrumentation, no 
measurements were made between the r o t o r  and s ta tor  blade rows f o r  the  
Azll-stage investigation6 of designs 1 and 2j hence, their  stator per- 
formance is not  available. The stator in l e t  Mach numbers are  plotted - 



20 NACA FM E53K03 

against  stator  angle of attack % i n  figure x), so that   the  possibil i ty 
of Mach  nuniber effects on loss can be  analyzed. For design 3, the 
highest  stator  inlet Mach number s l ight ly  exceeded 0.90, and for  design 
4, the  highest Mach  nuniber w-as about 0.78. 

The stator performance far designs 3 and 4 is presented i n   t e r n  
of t u rnhg  angle c2 and stator  losses E plotted  against  stator  angle 
of attack %. 

Turning angles:  Stator  turning  angles tz are  plotted  against 
mgle of attack % in   f igure 2 1 f o r  designs 3 and 4. For design 3, 
the  variation of turning  angle  :with  angle .of attack is very nearly 
linear, even at  the  tip-region measuring station.  The-slopes  ol-aU. - 

the curves l i e  within  the range from 0.75 t o  0.83. 

. . . " . " - . 

Because of the  invalid measurements of flar angles at 120 and 135 
percent  desigrrspeed  (discussed in   the  sect ion Experimenkal procedure), 
t h e  turning  angles  for  these speeds aie  hot.presented. " 

Comparisons of stator  turning  angles  with cascade  data: The curves 
dram through the data  points of figure 21  are  reprokced i n  figure 22 
for  comparison with  the  corresponding cascade eta. Because of the 
similarity of the  velocity diagrams of designs 3 and 4 (fig. 7),  the  

, cascade-predicted turning angles f o r  the two desi- are  practically 
the same.  The slopes of the measured turnfng-angle  curves and the pre- 
dicted  curves  agree very well .  A t  the -hub and mean radLus, the design 3 
turning an@;les check the cascalLe h t a  w i t h i n .  2O. except  .for Low angles of 
attack  at   the mean  rad3.m;  however, the  design 4 data  appreciably exceed 
the  cascade-predicted valuee. - A t  the  tip,  the measured turning  angles 
for  both designs are-  from 4 O  t o  So Sfgher than the cascade data. 

The general  trend o f  the compressor tug+g angles t o  exceed the 
cascade-predicted values might be caused partly by a l&er level of 
blade  loading  for the comgressor stators  than  for the two-dimensional 
cascade. D factors were calculated far the cascade  design points  at  
station a (% = 9.3O for design 3, 9 = 9.4O for  design 4) .  For both 
sets  of stators,  the D factors were about 0.32; f o r  the design 3 and 
design 4 cascade data,  the D factors were 0.40 and 0.35, respectively. 
Thus, part of the high turning f o r  the  stators i s  probably due t o  th i s  
lower level of loading, and pa@ is" due t o  experimental  error. (Plots 
of stator D factors  are  not  presented because of the smallzange o f  
D factor covered by the stator operation.) 

Total-pressure  losses: %e stator  total-pressure-loss parameter 
$ f o r  designs 3 and 4 is plotted  against  stator  angle of attack a.2 
i n  figure 23. (The design  3 loss parameters fo r  l20 and 135 percent 
design speeds are included because the  invalid  angle measurements do not 
affect  the  values of E.)  " .  

"" . 

. .  " 
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No essential  difference i n  the loss chaxacteristics of the two de- 
signs i s  indicated f o r  the speeds up t o  design speed. Both se t s  of 
curves show a wide range of angle of a t tack   a t  low loss,  and l i t t l e  
var ia t ion  in  loss is indicated  f romtip  to  hub. An interesting com- 
parison can be made with  the guide-vane losses. For the guide vanes, 
the minimum values of (D are about 0.060 (from the mean radius to the 
hub) ; whereas, for  the  stators,  a typical value of is  about 0.040. 
This result   indicates  that   the  stators,   with  their  65-(12)lO blade  sec- 
tion, perform with less l o s s  in a  flow w i t h  an adverse  pressure  gradient 
than do the  sheet  metal  guide vanes in a  flow  with a favorable  pressure 
gradient.  This  trend is probably caused partly  by  the  higher  fr ictional 
drag of a f la t  plate  coqaxed t o  the  profile drag of an airfof l   sect ion 
of the same chord (p. 124, ref .  13) and par t ly  by  the  higher  frictional 
drag resulting from the  higher  solidities and larger ch0rd.s of- the guide 
vanes'near  the  tip  (fig. 1). 

No well-defined Mach  number effect  on loss i s  exhibited f o r  de- 
s i g n  4. None would-be expected i n  view of the  fact   that   the Mach number 
range f o r  the  highest speed investigated (115 percent design speed) w a s  
0.60 t o  0.75 ( f i g .  20). For design 3, however, a marked increase i n  
loss is  observed f o r  the  investigations  at  120 and 135 percent  design 
speed. The  Mach  number ranges w e r e ,  respectively, 0.63-0.83 and 0.70- 
0.92. 

Discussion of stator losses: The curves drawn through the data 
points of figure 23 are reproduced i n  figure 24 f o r  comparison with  the 
cascade-predicted  values of a. 

- 

The cascade-predicted  losses are almost ident ical   for   both  sets  of 
stators because the i r   i n l e t  air angles  differ by only a few degrees at 
any given  angle of attack (by 5.6O at s ta t ion a and 1.9 a t   s t a t ion  e).  

The minimum stator-blade losses appreciably  exceed  the  cascade- 
predicted  values. This trend is similar t o  that w h i c h  w a s  observed fo r  
rotor-blade  losses, namely, that the  blade-profile  losses  are  only  part 
of the loss incurred  across a  compressor blade row. 

Comparisons of stator turning and loss with D factor are not made, 
because the  available  stator data did not  extend  Into  the  high-D-factor 
range  except  during rotor-stall  conditions which resul ted  in  very  high 
stator angles of attack. 

The available data indicate  that   for designs similar t o  designs 3 
and 4, the  prediction of s ta tor  loss  i s  not a d i f f icu l t  problem, and 
that  the  level of s ta tor  Loss i s  quite low fo r  a wide range of angle of 
attack.  Figure 24 shows that t h e   m i n i m  value of lies within  the 
range from approximately 0.025 t o  approximately 0.050 f o r  both  designs 
and a t   a l l  measuring stations. 
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The high  losses  for desigzls 3 that- were  _o>tai-p?d--a$.. -120- and 135 per- -1 "-" 
cent  design  speeds-  (fig. 23)- %e probably kcaused moetly by local  blade-- 
surf%ce shock phenomena. The i n l e t  Mad"nGber8 at -these speeds ranged .- 

from approximately 0.70 to 0.90 (fig.  20). The investigation of refer-  
ence 15 showed, i n   t h e  case of .an annular  cascade ut i l iz ing  the 65-(12)lO 
blade, that in l e t  Mach nmbers of 0.80 were  accompanied by localblade- 
surface peak Mach numbers of 1.30. The shock-diffusion of these  veloci- 
t i e s   t o  subsonic  values w a s  accompaniedby  high losses,  partly due t o  
shock loss and also t o  aggravated  flaw  separation  fromthe  blade  surface. 

. .~ 

.. "" 

. .. 

- .  

Par t  of this loss f o r  design 3 could be a consequence of increased 
diffusion caused by the  compressibility effect of high Mach  number on 
the  axial-velocity  ratio.  However, t h i s  cannot be proved  because the 8 
flow-angle data for   the  120 and 135 percent  design speeds, upon  which 8 
the  calculation of D factor  depend, are believed t o  be invalid. 

Discussion  of  efficiency and range characteristics. - The rotor  
blade-element l o s s  data fo r  desiwls 1 and 4 discussed i n  the  preceding 
paragraph6  provide a basis for  .ai analysis of the trends of i i c r eas iG  
over-all  efficiency  and  flow-coefficient range as design  axial-velocity 
ra t ic   (V&Jt)h i s  increased. . .  

- .  

The analysis of  blade-element  turning-angle  and loss data showed 
tha t   the  main differences  in performance occurred in   the   ro tor - t ip  
region. The study of the  efficiency and range _chsracteristics  presented 
i n  the  section O v e r - A l l  Performance can therefore  be  reduced t o  a study 
of the  tip-region .blade-element efficiency and range  characteristics. - 
The Full-stage  investigations  provided  the  only  data which can be 
direct ly  compared among a l l  f o e  designs;.therefoye,  tip-region stage- 
element efficiencies  are  presented  in  f igure 25. 

v 

Tip-region  stage-element  efficiencies:  Stage-element  efficiency is  
defined  as  the  ratio of the  ideal  stagnation  enthalpy  rise between the 
measuring stations upstream of the.   rotor and  downsfxeiuiof the   s ta tor   to  
the  actual  enthalpy  rise. The efficiencies  obtained from the design- 
speed investigations of the  fourdesigns w e r e  plotted  against  radius 
after statop r3 f o r  each  operating  point;  the  values of efficiency  for 
each design at  the  same radius,. r3 = 0.522 foot (s ta t ion a for  design 4), 
were then  plotted  against angle. of attack. These tip-region  eSficiency 
characterist ics  are  presented  in  f igure 25. 

Figure 25 shows t h a t   t h e  peak stage-element eff ic iencies   for  designs 
2, 3, and 4 are markedly higher than  the peak efficiency  for  design 1. 
Also,.a definite increase in range of angle of a t t ack   a t  a given effi- 
ciency is indicated  for  the suc.cessive  designs. For instance,  an  effi- 
ciency  vse  of at least 0.80 is indicated  for  the ranges of angle of 
attack summarized i n   t h e  following  table. (Also included are the peak - 
efficiencies.)  
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The increase  in peak efficiency between design 1 and the  other  three 
designs is causedby  the more favorable  rotor  diffusion  characteristics 
of these  high-axial-velocity designs with  their  consequently  decreased 
r o t o r  blade-element losses; Also, -these lower diffusion rates for   the  
high-axial-velocity  designs  permit  operation at increased  angles of 
attack  before  cri t ical  values of" D factor are reached; therefore,  the 
low-loss range of angle of attack is greater f o r  the  high-axial-velocity 
designs. A wide angle-of-attack  range at low loss is reflected, of 
course, i n  a wide angle-of -attack  range a t  high efficiency. 

Discussion of increased range: In  the  section Dimensionless over- 
a l l  performance-the  ranges of flow coefficient  for an overLall  efficiency 
of a t   l ea s t  0.80 were  compared. It was sham  that  the  flow-coefficient 
range increased as design  axial-velocity  ratio  (V&.)h  increased. 

The over-all  range of f l& coefficient is a combination of the 
average  blade-element  angle-of-attack  range and the  average change of 
angle of attack f o r  a given change i n  f low coefficient. It is necessary 
t o  analyze  these two characteristics on ly  a t   t h e   t i p  region,  because  the 
over-all  range i s  limited by the  tip-region performance. IE has been 
shown i n  the  previous  section  that  the  tip-regicm  angle-of-attack range 
for  design 1 is  limited by high rates  of diffusion of relative  velocity. 
The change of angle of attack f o r  a given change in f l o w  coefficient i s  
presented  next. 

Rotor angle of a t tack   a t   s ta t ion  a i s  plotted against the  flow 
coefficient (Vz/Ut)av f o r  the four designs i n  figure 26. The following 
table summarizes values of the change i n  flow coefficient that would be 
required f o r  a loo change i n  angle of attack. 
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Design Change of flow 
number coefficient 

1 

2 

0.095 

.170 4 

.145 3 

.130 

The flow-coefficient range ,for  design 1 i s  thus limited  both by a 
narrow range of.  angle of a t tack  for  a given  efficiency and by the fact 
tha t  for  a given change i n  angle of att-ack, the change in flow coeffi- 
cient is l eas t   fo r  design 1. 

The rapid  ra te  of change of angle of attack  with flow coefficient 
fo r  design 1 i s  a direct  coneequence  of t+e velocity-diagram geometry. 
In reference 8, it was shown that the rate of change of angle of attack 
with the  axial-velocity  ratio V,,l/Ut is given by the following 
formula : 

It must be emphasized that the  axial-velocity  ratio vz, J u t  
the  lo-cal  value at- a given  radius; it is not the same as the  flaw 
coefficient (v~, l/ut)av, and i n  general, 

8 
EG 

is  

da 
The folluwing table summarizes values of calculated from - 

dk) 
the  design  velocity diagrams fo r  the four compressors at a radius  ratio 

of 0.95, and values o f  - dcL measured from figure 26. 
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'p 

T 

(The angle a is expressed in  radians. ) 

Design 
number 

da aa 

dr+) d r e ) a v  

1 

.91 1.03 4 

1.13 1.29 3 

1.31 1.68. 2 

1.87 2.31 

Thus, for  design 1, both  the high-D-factor effects on tip-region 
losses and the  effects of the velocity-diagram geometry on the   r a t e  of 
change of angle of attack  with flow coefficient  tend t o  l imit   the   t ip-  
region  range and therefore  the.over-all range of flow coefficient. 

R a d i a l  Equilibrium  Considerations 

The assumption of symmetrical velocity diagram and constant  stagna- 
tion  enthalpy  in  the design causes,  through the  action of rad ia l  equi- 
librium, a large  variation of axial  velocity  along  the  radius.  Further- 
more, this  axial-velocity  gradient is larger downstream of the  rotor 
than  upstream of the ro tor .  Since  radial  displacements of flow obviously 
exist, the  validity of the  simplified-radial-equilibrium  equation cannot 
be  taken f o r  granted. The following  paragraphs  present  results of  two 
types of radial-velocity-distribution  calculations which incorporate  the 
aBsuaption of sinrplified  radial  equilibrium. 

The radial  pressure  gradient is given by the  following  equation 
(ref. 16) :  

Also, from the conibined  and f i r s t  and second l a w s  of thermodynamics 
and the steady-flow energy  equation, 
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Isentropic simplified radial equilibrium. - The equation  used i n  
the  analysis of reference 1 ana i n  the design calculations of the rami- 
velocity-distribution upstream of the  rotor-and downstream of t he   s t a to r  
was obtdned by making the assumption that aVr/ar, aVr/az, and dS/& 
were a l l  negligible. Then equation (9) becomes 

"= ap "(simplified ve2 radial  equilibrium) 
P d r  r 

and equation (10) becomes 

Calculations w e r e  made at  the thr-a1 measuring s ta t ions  for  
the  available data of the four designs t o  check the  validity of these 
design  assumptions. The velocity  distributions were calculated which, 
for   the measured temperature rise and absolute  flow-angle  distribution, 
would satisfy  equations (sa) and ( loa) ,  and the continuity  condition. 
The r e su l t s   i n  terms of the axial-velocity  ratio Vz/Ut plotted 
against  radius ra t io .  r/rt are  presented  in figure 27.. . -. 

The calculated  axial-velocity ra t ios  f o r  the axial stat ion upstream c 

of the  rotor  (f ig.  27) check the  measured values quite w e l l  except  near 
t h e   t i p   f o r  some of the l o w - f l o w  runs. Also, this correlation is  f a i r l y  
good  downstream of the rotor (figs. 27 (a) and (d)). Hawever, an appreci- 
able  discrepancy exists between the  calculated  axial-velocity  ratios and 
the measured values dmstream of the  stators,  especially  near  the t i p  
(fig. 27). The question wises whether this discrepancy was caused 
primarily by the  assumption t h a t t h e  radial acceleration terms of equa- 
t ion  (9) are  negligible, o r  by the assumption that  the  entropy  gradient 
term of equation (10) is  negligible. A logical  amroach would be t o  
include  the effect of the entropy  gradient  because (1) the main differ- 
ence between conditions  upstream of the  rotor and downstream of  the 
stator  (aside from the  level of enthalpy) i s  the  radial   variation of 
blade  losses, and (2)  the entropy  gradient can be evaluated from measured 
stagnation  values of pressure and temperature. 

Nonisentropic simplified radial equilibrium. - For the  axial  sta- 
t ions downstream of the rotor and stator,  velocity  distributions were 
calculated w h i c h  satisfy  equations ( 9 8 )  and. (101, and the condition of 
continuity. The results, in terms  of the  axial-velocity  ratio V,/Ut- 
plotted  against radius r a t i o  r/rtr are shown in figure 27 for campasi- 
son with.the isentropic-shplified-radial-equilibrium calculation. 
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The calculated  axial-velocity ratios after rotor  (figs.  27(a) and 
(d) ) are s l igh t ly  lower ne- the t i p  and higher near the hub than the 
isentropic values. The results of the t w o  calculations me not  greatly 
different  but Ear the t i p  the nonisentrqpic  calculation checks the 
data  better  than does the  isentropic  calculation. 

The main effect  of the entropy  gradient  occurs after the  s ta tor  
(fig.  27).  The nonisentropic  calculation checks the data very w e l l  ex- 
cept  near the hub,  where the calculated values  of axial-velocity  ratio 
me lower than the measured values. 

Probably this s m a l l  discrepancy is  a consequence of neglecting the 
radial acceleration terms of eqgation (4) ; these t e r m s  would probably 
be most significant near the hub because of the influence of the h a  
curvature. 

The analysis of the over-all performance and blade-element per- 
formance of four axial-flow single-stage compressors designed for con- 
stant  stagnation  enthalpy  radially and symmetrical velocity dfagrams at 
a l l  radii and having a h a - t i p  radius r a t i o  of 0.5 gave the  following 
resu l t  s : 

1. For a given Mach  number limit, high pressure  ratio  required a 
design assumption of low specific w e i g h t  flow (low design  axial-velocity 
r a t i o  (Vz/Ut)h). Because of the  action of radial equilibrium, this de- 
sign assumption resul ted  in  high rotor-tip-region rates of diffusion 
(as measured by the D factor) with consequent high losses and low 
peak efficiencies.  Therefore the most suitable use fo r  the symmetrical- 
velocity-diagram was fo r  lmer pressure  ratio and higher specific w e i g h t  
flow designs. 

2. For the available  rotor blade-element data, a correlation  for a 
given  solidity was obtained among compressor and cascade-predicted devi- 
ation  angles as functions o f  D factor.  

3. For the low-D-factor design  (design 4) f a i r l y  good correlation 
was obtained between cascade-predicted and rotor  turning angles as func- 
t ions of angles of attack. 

4. A correlation of tip-region  rotor  relative-total-pressure  losses 
f o r  designs 1 and 4 as functions of D factor  w a s  obtained for D 
factors  exceeding  approximately 0.55. The cascade-predicted losses did 
not  correlate  with  tip-region  rotor  losses because the latter are  in- 
fluenced  by  other  factors  in  addition t o  blade-suction-surface flow 
separation. 
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5. The over-all range of flow coefficient  (or weight flow) for  the * 

lowest-axial-velocity  design at a given value of efficiency was limited 
by the  htgh  tip-region tptal-pressure. loss.es. by  high D factors 
and the  high  rate of change  of angle of attack  with flow coefficient 
imposed by  high guide-vane turning. 

6. The available s ta tor  data represented  the low-D-factor type of 
design. The s ta tor  blade-element minimum losses varied only sl ight ly-  
w i t h  radius and between the two  designls for  which data were available. s 

7. The available data indicated that the assumption of simplified 
radial equilibrium was  a -va l id  one. For -st of the cases  investigated, 
the  axial-velocity  profiles  obtained from the  calculation  neglecting 
entropy  gradient  agreed  fairly w e l l  with  the data a t  the rotor   inlet  and 
outlet. In order t o  obtain good agreement between the calculated  axial 
velocities and the data downstream of the  stators,  it W&B necessary t o  
include  the  effect of the  entropy  gradient. A small discrepancy remained 
between the  predict.ed and meas.isred velocit ies near the hub,  which was 
probably  caused by the omission of the  radial  acceleration terms from 
the  radial-equilibrium  equation. 

L e w i s  Flight  Propulsion  Laboratory 
National Advisory Conrmittee fo r  Aeronautics 

Cleveland, Ohio, November 9, 1953 

os cu 
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SYMBOLS 

The following symbols are used Fn this  report:  

annular  area 

velocity of sound 

camber ( l i f t  &efficient of isolated airfoil) 

diffusion parameter 

stagnation  enthalpy 

constant in Kantrowitz-Dam equation 

Mach nmiber 

stagnation  pressure 

s ta t ic   pressure 

gas  constant 

radius 

entropy 

stagnation  temperature 

rotor wheel speed 

absolute air velocity 

weight flow 

weight flow corrected  to NACA standard  sea-level  pressure and 
temperature 

angle of attack " 

angle of attack at  zero lift 

absolute  air  angle, angle between  compressor axis and absolute 
air velocity 



relative  total-pressure-loss parameter 

Subscripts: 

0 

1 

2 

3 

a v  

des 

e 

gv 

h 

i d  

mr 

WACA RM E53K03 

r a t i o  of specific  heats , 

deviation  angle,  angle between relat ive air  velacity and  tangent 
t o  camber line a t  trailing edge . . .  ..... 

r a t i o  of inlet   stagnation  pressure  to NACA standard  sea-level 
pressure . . . .  . .  ." . . . . . .  . . .  . " 

turning angle . . . . .  . .  " " . ~. _" ....I. . . . .  . ". I - 

adiabatic  temperature-rise  efficiency 
m 
N 

r a t i o  of inlet stagnation  temperature t o  NACA standard  sea-level 
terqeerature 

" 

. . . .  ... 

blade-angle  setting,  angle between compressor a x i s  and blade chord 

static aensity 

sol idi ty ,   ra t io  of chord length t o  .distgce..between  .adJacent blades 

camber angle,  angle between tangents t o  caniber line a t  leading and 
t r a i l i ng  edges . . . . . . . . .  - - " .. - - . . . . .  

depression  tank 

upstream of rotor  

downstream of rotor 

downstream of s ta tor  . - . -  

average 

design value 

b lade element 

guide vane .. 

h& 

ideal  

mean radius 

.. 

. .  

, , -  
- -. 
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cu 

0 

r radial direction 

se stage  elenent 

s td  standard 

T stagnation  condition 

t t i p  

z axial direction 

8 tangential  direction . 

Superscript : " 

r e l a t i v e   t o  blade row 

L 



32 NACA RM E53K03 

APPENDIX B 

AERIVATION OF EQUATIONS aEJD " E O D S  OF CALCULA!J?ION 

Design t i p  speed. - The fonrmla fo r  design t i p  speed (eq. (3)) is 
obtained as follows: 

Y,hZ = 

By assumptions 
addit ion, 

of symmetrical velocity diagram and comtant 

- " 'h Ave,h 
ut ut 

c 

enthalpy 
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UAVQ 

* .. 

Rearrangement yields  equation (3): 

Design t i p  speed i s  then computed from the value of enthalpy  for standard 
a i r .  

Rating meth0d.s. - The average pressure  ratio is  based on the mass- 
averaged  isentropic power input (ref. 1 7 )  

The pressure  ratio is Computed in   t he  form of equation (B1) be- 
rL 

cause the  guantity [ E) ' - 11 is  a tabulated  function of pressure 

rat io .  In i ts  simplest form, equation (B1) reduces to 
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The average adiabatic  temperature-rise  efficiency is based on the 
ra t io  of the mass-averaged isentropic power input t o  the mass-averaged 
actual power input  (ref. 17) 

" 

0 

Calculations were made o f  qav i n  the form of equation (B2) be- 

e .  
cause the  quantity [e) - l] is a. tabulated  function of pressure 

.. .. 

ratio,  and the temperature r i s e  T3 - To is a directly measured datum. 
Equation (B2) reduces t o  the following: 

" 

i s  given by equation ( l a )  and 

The average 
corresponding to 

ideal  enthalpy  addition is defined  as  the  enthalpy rise 
an isentropic  process for the measured pressure ratio. 

(F) = 
av  
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Eo a m 
0 

The flaw coefficient i s  computed as follows: 

W 

" 

The assumption is  made 
the  rotor  equals the s t a t i c  

1. Sinnette, John T.,  Jr.: 

that the average s ta t ic   dens i ty  upstream of 
density a t  the  mean radius. 
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Figure  1. - Design de ta i l s  of four:exial-flow c m e e e o r e  having a hub-tip radius 
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Figure 7. - Concluded. Measured velocity diagrams 
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Figure 8. - Variation of relative  inlet air angle  with rotor 
angle of attack for four axial-flow compressors having a 
hub-tip  radius  ratio of 0.5. 

49 



. . . . . . . . . . . . .  . . .  ". ........... .- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Corrected veight flow, U -g lb/sec 48 

(a) Design 1; rotor lnveetigation; (b) Design 4; rotor  investigationj  design  correctea tip 

""F corrected tip speeU, spesa, U t ! C  e 743 feet per second. 
ut/ e, n04 feet per eecoa. 
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Radius r a t io ,  r/rt 

(b) Design 4. 

Figure 10. - Guide-vane losses for two axial-flow compressors 
having a hub-tip radius r a t i o  of 0.5. 
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Figure 11. - Variation of relative Mach number with rotor angle of attaok 
for two axial-flox compressors having a hub-tly radius r&ia of 0.5.  
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(a) Desi- 1; rotor  tnvestigation; (b) &sign 4; ro tor  investigation; 
65-( 12) 10 blade eection; design 65-(12) 10 blade section; design 
oorrected t i p  speed, U t X  1104 oorreoted t i p  speed, Ut@, 743 
feet per second. feet per seaond. 

Figure 12. - Variation of rotor turning angle with  angle of a t t a o k  for two axial-flow 
canpressore ha- a hub-tip radiue r a t i o  of 0.5. 
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Figure 15."- Comparison of ro tor  and  cascade-predicted  losses for 
two axial-flow compreseors having a hub-tip radius  ratio of 0.5. 
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Figure 17. - Comparlson of rotor  and cascade-predicted  difflxsion 
factors  for two axial-flow compressors having a hub-tip radium 
r a t i o  o r  0.5 .  
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Figure 18. - Veriatlon of ro tor  deviation angles  with diffusion factor far two axial-flow 
corspreasors having  a hub-tip radius ratio of 0 .5 .  
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Figure X). - variation of Hach number with stator angle o r  attack for two axial-ilaw compreaaors 
having a hub-tip radius rat io  of 0.5. 
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Slgure 21. - Btator t u r n l w l e  charaateristice for two axlal-f2m aompreeeora having a hub- 
t i p  radius retio of 0 . 5 .  
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Figure 21. - Concluded. Stator turnlng-angle CharEcteriatlcs for two axial-flow compressors having 
a hub-tip raeLius ra t io  of 0.5. 
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Figure 25. - Comparison of tip-region stage-elemnt efficiencies for two axial-flaw 
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(b) Design number 2. 

Figure 27. - Contimd. Radial equl l lbr lua coqezieoll  amng four axial-fh compreeeore havlng 
a h&-tlp radius ratio of 0.5. 
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a hub-tip radiue r a t i o  of 0.5. 
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